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Plakophilins 1–3 are members of the p120ctn family of armadillo-related proteins. The plakophilins have been characterized as desmosomal
proteins, whereas p120ctn and the closely related δ-catenin, ARVCF and p0071 associate with adherens junctions and play essential roles in
stabilizing cadherin mediated adhesion. Recent evidence suggests that plakophilins are essential components of the desmosomal plaque where
they interact with desmosomal cadherins as well as the cytoskeletal linker protein desmoplakin. Plakophilins stabilize desmosomal proteins at the
plasma membrane and therefore may function in a manner similar to p120ctn in the adherens junctions. The three plakophilins reveal distinct
expression patterns, and although partially redundant in their function, mediate distinct effects on desmosomal adhesion. Besides a structural role,
a function in signaling has been postulated in analogy to other armadillo proteins such as β-catenin. At least plakophilins 1 and 2 are also localized
in the nucleus, and all three proteins occur in a cytoplasmic pool. This review aims to summarize the current knowledge of plakophilin function in
the context of cell adhesion, signaling and their putative role in diseases.
© 2006 Elsevier B.V. All rights reserved.Keywords: Desmosomes; Cell adhesion; Skin fragility; ARVC1. The plakophilin-p120ctn family: gene structure and
expression patterns
P120ctn is the prototypic member of the p120ctn subfamily of
armadillo-related proteins that includes p0071, δ-catenin/
NPRAP, ARVCF and the more distantly related plakophilins
1–3 [14,15,40,42]. Armadillo proteins are characterized by a
series of repeated motifs of about 45 amino acids called arm
repeats. Members of the p120ctn family share a characteristic
organization of their arm repeat domain which suggests an
ancient evolutionary relationship. There are two groups that
differ in the degree of sequence similarity and intracellular
localization. The first group includes the prototype p120ctn
itself, ARVCF, δ-catenin/NPRAP and p0071/plakophilin 4.
These proteins share between 65 and 81.5% sequence similarity
with each other in their arm domains and colocalize with
classical cadherins at adherens junctions. The second group
includes plakophilins 1, 2 and 3. These proteins share between⁎ Tel.: +49 345 557 4422; fax: +49 345 557 4421.
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doi:10.1016/j.bbamcr.2006.04.00951 and 60.9% sequence similarity with each other in their arm
domains and around 50% (49.5–51.3%) sequence similarity
with the p120ctn arm domain. Moreover, the plakophilins differ
from the p120ctn group by their intracellular localization
showing desmosome instead of adherens junction association
and at least for plakophilin 1 prominent nuclear localization.
Binding partners identified so far for the proteins of this family
show overlapping interactions within the p120ctn and the
plakophilin groups, but so far no binding partner has been
identified that interacts with members of both groups supporting
the view of distinct molecular functions.
Although the sequences of all p120ctn-related proteins are
highly related, the corresponding genes are dispersed throughout
the human genome. The plakophilin 1 gene was located to1q32,
the plakophilin 2 gene at 12p13, and the plakophilin 3 gene at
11p15 while the genes for p0071, NPRAP, ARVCF and p120ctn
are at 2q24, 5p15, 22q11 and 11q11, respectively [4]. Thus, gene
expression appears not to be coordinately regulated as assumed
for other junctional proteins such as desmogleins and desmo-
collins. Exon organization, which is not simply related to the
armadillo repeat structure, is highly conserved between p120ctn-
Fig. 1. Domain structure of plakophilins compared to p120ctn.
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genes and the β-catenin or plakoglobin genes, suggesting that the
p120ctn family genes evolved from one another.
Plakophilin 1 is expressed predominantly in suprabasal
layers of stratified and complex epithelia, whereas plakophilin 2
is expressed in all simple, complex and stratified epithelia as
well as non-epithelial tissues such as cardiomyocytes and lymph
node follicle cells [8,18,29,30,44]. Plakophilin 3 is expressed in
most simple and stratified epithelia with the exception of
hepatocytes and hepatocellular carcinoma cells and is expressed
uniformly in epidermal layers [3,43]. More sensitive methods
such as RT-PCR revealed that the plakophilins are expressed at
low levels in at least most if not all tissues, where they
apparently function independently of desmosomes.
So far, little is known about the regulation of gene expression
of this protein family. Alternative splice variants have been
identified for most members, but the functional relevance remains
to be studied. The human p120ctn gene comprises 21 exons,
potentially encoding up to 32 protein isoforms as a result of
alternative splicing. Human isoforms, designated 1 to 4, differ
from each other by alternative start-codon usage. Analysis of the
alternatively splice isoforms revealed a correlation between
expression of isoform 1 with elevated cell motility (fibroblast
isoform) and isoform 3 with increased cell adhesion (epithelial
isoform) [31]. Expression of isoform 1 was upregulated by src-
transformation and snail expression [31,35]. ARVCF isoform
expression appears to be developmentally regulated [37].
Whereas no alternative splice products have been character-
ized so far for plakophilin 3, plakophilins 1 and 2 also exist in 2
isoforms each, the shorter a and the longer b variants which
differ by an insertion of 21 and 44 amino acids in the arm
repeats 3 and 4, respectively [29,44]. Plakophilin 1a and b have
been reported to differ in their intracellular localization with the
smaller 1a isoform being the more common desmosomal
isoform and the 1b isoform being exclusively nuclear [44],
suggesting that regulation of differential splicing has profound
effects on the cellular functions of plakophilin 1. Moreover, two
isoforms of plakophilin 1 mRNA which differ in their 3′-
untranslated region giving rise to transcripts of 2.6 and 5.3 kb
have been described, suggesting differential post-transcriptional
regulation of these isoforms. Northern blot studies showed
coexpression of these variants in most tissues although the
balance between the two forms varied [17,18,41]. The
functional relevance of this finding remains to be studied.
So far there are no experimental data available comparing
localization and function of plakophilin 2 isoforms a and b.
2. Structure of armadillo proteins: comparison of
armadillo/β-catenin and plakophilin
The three-dimensional structure of the core region ofβ-catenin,
that is composed of 12 armadillo repeats, revealed that each repeat
contains three α-helical stretches designated H1, H2 and H3. The
successive arm repeats form a superhelix of helices that features a
long, positively charged groove. The repeat domain forms an
elongated rod that is supposed to interact with various binding
partners through ionic interactions with its basic groove [21].The p120ctn proteins were predicted to contain 10 arm repeats
based on sequence alignments. However, the structural deter-
mination of the plakophilin 1 arm repeats revealed that the
domain has nine instead of the expected ten arm repeats. A
sequence predicted to be an arm repeat was instead identified as a
large insert which serves as a wedge that produces a significant
bend in the overall domain structure. Thus, the plakophilin 1 arm
domain is sickle-shaped rather than straight. Structure-based
sequence alignments indicate that the nine repeats and large
insert are common to this subfamily of armadillo proteins (see
Fig. 1 for a schematic presentation). A prominent basic patch on
the surface of the protein may serve as a binding site for partners
of these proteins. However, binding partners for plakophilins
identified to date bind to the N-terminal head domain. The role of
the positively charged surface of the plakophilin 1 arm domain
must therefore await identification of binding partners and
further functional characterization [7].
The two long alternative splice isoforms plakophilin 1b and
plakophilin 2b contain insertions in the H3 regions of arm
repeats 3 and 4. In plakophilin 2b, the highly conserved LxNLS
sequence motif is destroyed by the splice site insertion. Given
that H3 is the most structurally uniform portion of the arm
repeats, and its conservation is considered an important factor
for the identification of arm repeats [7], structural characteristics
of these alternative splice products may considerably diverge
from the fold identified for the a-variant and may thus indicate a
different set of interacting proteins (Table 1).
3. Function of plakophilins in cell adhesion
All three plakophilins have been localized to desmosomes and
are described as desmosomal components that interact with
distinct sets of desmosomal proteins. Desmosomes are adhesive
junctions that link intermediate filament networks to sites of
strong intercellular adhesion. These junctions play an important
role in providing strength to tissues that experience mechanical
stress such as heart and epidermis. The basic structural elements
of desmosomes are similar to those of the better characterized
adherens junctions, which anchor actin-containing microfila-
ments to cadherins at the plasma membrane. Desmosomes
contain two sets of desmosomal cadherins, the desmogleins and
desmocollins, which are expressed in a cell-type-specific pattern.
The armadillo protein plakoglobin and the plaque protein
desmoplakin are essential components of the cytoplasmic plaque
that link desmosomes to the keratin network [53]. In contrast,
plakophilins were considered as non-essential additional plaque
Table 1
Plakophilin interacting proteins
Binding proteins Function Ref.
Plakophilin 1 Desmoglein 1 Desmosomal transmembrane protein [16]
Desmocollin 1 Desmosomal transmembrane protein [45]
Desmoplakin Desmosomal plaque protein [16,20,24]
Keratin Cytoskeleton, mechanical stability [16,17,20,22,45]
Actin [16] and Hatzfeld,
unpublished
Tubulin Hatzfeld, unpublished
Plakophilin 2 Desmoglein 1 and 2 Desmosomal transmembrane protein [6]
Desmocollin 1a, 2a Desmosomal transmembrane protein [6]
Desmoplakin Desmosomal plaque protein [6]
Plakoglobin Desmosomal plaque protein [6]
Keratin Cytoskeleton, mechanical stability [20]
β-Catenin Adherens junction protein, Wnt-armadillo-signaling
pathway
[6]
RNA-pol III subunit Transcription of tRNA, 5 S rRNA, 7SL RNA,
7SK and U6, H1 and MRP RNAs
[28]
Cdc25C-associated kinase 1 (C-TAK1) regulation of target proteins through generation
of 14-3-3-binding sites
[32].
Plakophilin 3 Desmoglein 1, 2, 3 Desmosomal transmembrane proteins [2]
Desmocollin 1a, 2a, 3a, 3b Desmosomal transmembrane proteins [2]
Desmoplakin Desmosomal plaque protein [2]
Plakoglobin Desmosomal plaque protein
Keratin Cytoskeleton, mechanical stability [2]
Dynamin 1-like [9]
PABPC1 RNA metabolism [19]
G3BP RNA metabolism [19]
FXR1 RNA metabolism [19]
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only recently.
Plakophilin 1 dramatically enhances the recruitment of
desmosomal proteins to the plasma membrane in cultured
keratinocytes and strong expression of plakophilin 1 in the
suprabasal layers of epidermal keratinocytes correlates with
an increase in desmosome number and size, suggesting a
function for plakophilin 1 in regulating desmosome size and
functional integrity. This effect is mediated by the N-terminal
head domain, which interacts with several desmosomal
proteins such as desmoglein 1, desmoplakin, and keratins
[16]. A direct interaction with keratins had been noted before
[17,20,22], but the physiological relevance of this finding is
still unclear, since plakophilin 1 appears to be buried in the
electron dense desmosomal plaque. This location would be
expected to prevent any interaction with keratins. Studies on
the role of plakophilin in desmosome assembly revealed an
interaction between plakophilin 1 and the desmoplakin N-
terminal domain and between plakophilin 1 and desmoglein 1
which was mediated by distinct binding sites in the
plakophilin 1 N-terminal head domain [16]. On the basis of
the findings indicating that plakophilin 1 recruits desmoplakin
to sites of cell contact, a model was proposed, suggesting that
plakoglobin serves as a linker between the cadherins and
desmoplakin, whereas plakophilin 1 enhances predominantly
lateral interactions between desmoplakin molecules [24] (see
also Fig. 2).
According to this model, the function of plakophilin 1 in
anchoring keratin filaments at the desmosomes is indirect andoccurs through recruitment of desmoplakin as the keratin
binding protein. Further studies showed that plakophilin 1
interferes with plakoglobin binding to desmoplakin, yet
together with plakoglobin promotes clustering of desmosomal
plaque complexes [5]. Although competition has not been
tested directly, different binding sites in the desmoglein
cytoplasmic tail for plakophilin 1 and plakoglobin suggest
that both proteins might bind simultaneously. Whereas
plakoglobin binds to the cadherin-related region, plakophilin
1 was shown to interact with the desmoglein-specific
carboxyterminal region [16]. Thus, like p120ctn and β-catenin
in adherens junctions, plakophilins and plakoglobin might
mediate distinct functions in the same molecular assembly. It
is tempting to speculate that plakophilins might function in
stabilizing the cadherins at the membrane in a manner similar
to p120ctn and p0071 in adherens junctions although the
mechanism by which plakophilin recruits desmosomal
cadherins has not been characterized in detail.
Both plakoglobin and plakophilin 1 are required for the
formation of desmosomal plaques found in the epidermis. In
agreement with a role in stabilizing adhesion through promoting
desmosome formation, a lack of plakophilin 1 reduces
desmosome stability and increases keratinocyte migration
[46]. South et al. used plakophilin 1-null keratinocytes and
those re-expressing exogenous plakophilin 1 to demonstrate that
plakophilin 1 increases the content of desmosomal protein but
did not enhance transcriptional levels of desmosomal genes,
consistent with a role in stabilizing desmosomal proteins at the
membrane. In addition, electron microscopy studies showed that
Fig. 2. Molecular model of desmosomes which depicts the relative organization of major desmosome molecules. Plakoglobin and the plakophilins associate with the
desmosomal cadherin cytoplasmic domains (plakoglobin: cadherin-related domain of desmoglein; plakophilin 1: desmoglein-specific carboxyterminus) and the N-
terminus of desmoplakin. The desmoplakin C-terminus anchors keratin filaments.
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Wahl JK 3rd used an inducible expression system for
plakophilin 1 in A431D cells that are devoid of a classical
cadherin and do not form desmosomes to show that expression of
plakophilin 1 results in punctate desmoplakin staining on the cell
surface [52]. Coexpression of a classical cadherin resulted in
desmosome formation at cell–cell borders. These data suggest
that plakophilin 1 can induce assembly of desmosomal
components in A431D cells in the absence of a classical cadherin.
However, a classical cadherin is required to direct assembly of
desmosomes between adjacent cells. Thus, plakophilin 1 plays a
key role in clustering desmosomal proteins and increasing
desmosomal protein content of cells. This function is very similar
to the role of p120ctn and p0071 in stabilizing classical cadherins
at the membrane and as a consequence increasing adhesion
through classical cadherins.
Plakophilin 2 has been localized to plaques of desmosomes of
simple and complex epithelia, as well as cardiac tissue and the
dendritic reticulum cells of lymphatic germinal centers, i.e.,
desmosomes in which plakophilins 1 and 3 are not detected.
However, plakophilin 2 has also been localized in the desmo-
somes of certain but not all stratified epithelia where it may
coexist with plakophilins 1 and 3 [29]. Overexpressed plakophilin
2 colocalizes with desmosomes but appears less efficient than
plakophilin 1 in recruiting desmoplakin and other desmosomal
proteins to the cell membrane [6], suggesting differential
functions of the two plakophilins in regulating desmosomal celladhesion. Plakophilin 2 interacts directlywith a broader repertoire
of desmosomal components than plakophilin 1, including
desmoplakin, plakoglobin, desmoglein 1 and 2, and desmocollin
1a and 2a. As in plakophilin 1, these interactions are mediated
through the N-terminal head domain. Although plakophilin 2
usually does not increase desmoplakin content or desmosomal
size, it appears essential for transport of desmoplakin to the
plasma membrane. Desmoplakin is transported in non-membra-
nous assembly-competent particles which contain plakophilin 2,
whereas plakophilin 3 and plakoglobin were present only in some
particles and not concentrated to the same extent as plakophilin 2.
These particles formed in close association with keratin filaments.
Particles containing a desmoplakin mutant that lacks its keratin-
binding site were still able to associate with keratins althoughwith
reduced efficiency (30% for mutant-DP versus 70% for wt-DP),
suggesting that plakophilin-keratin interaction may play a role in
desmosome assembly [11].
Furthermore, plakophilin 2 and desmoplakin appear to
colocalize with desmosomes and adherens junctions in
intercalated discs of cardiomyocytes, suggesting that cardio-
myocytes contain a specific type of junctions [8]. The molecular
mechanism that underlies plakophilin 2-adherens junction
association in cardiomyocytes has not been addressed in this
paper, and it can only be speculated that either cell-type-specific
proteins of cardiomyocytes might mediate this interaction
which is not observed in epithelial cells or that epithelial cells
have specific mechanisms to exclude plakophilin 2 from
adherens junctions. In support of this, plakophilin 2 was
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junctions in a reconstitution model using fibrosarcoma cells that
lack desmosomal proteins [23]. This suggests that plakophilins
may play a role in junction segregation or in establishing
specific types of “mixed” junctions in specialized tissues or
developmental stages. The finding that plakophilins can
associate with adherens junctions is supported by data showing
that plakophilin 2 is able to associate with the universal
adherens junction protein β-catenin.
However, in desmosome containing epithelial cells, it does
not colocalize with β-catenin at adherens junctions but
competes with classical cadherins for β-catenin binding.
The expression of plakophilin 2 upregulates the endogenous
β-catenin/T cell factor-signaling activity, suggesting another
mode of regulating intercellular adhesion [6].
Plakophilin 3 is synthesized in simple and stratified epithelia,
and like plakophilin, 2 it colocalizes with desmosomes after
overexpression usually without increasing desmosome size or
number [2,3,43]. Plakophilin 3 appears to interact with the
broadest repertoire of desmosomal proteins, desmoplakin,
plakoglobin, all three desmogleins, desmocollin (Dsc) 3a and
3b, and possibly also Dsc1a and 2a.
All three plakophilins associate with desmosomes and
interact with desmosomal cadherins and plaque proteins. Their
numerous interactions in the desmosomal plaque suggests that
they act as scaffolding proteins that are required for desmosome
assembly. Nevertheless, the plakophilins appear to play distinct
roles in regulating desmosomal cell adhesion. Plakophilins 2
and/or 3 may provide the scaffold for the assembly of a
desmosome in simple epithelia and cardiomyocytes by interact-
ing with desmoglein 2 as well as the plaque proteins plakoglobin
and desmoplakin. Plakophilin 1, via its capacity to stabilize
desmosomal proteins and assemble them into a plaque, promotes
an increase in desmosome size and number to a greater extent
than plakophilins 2 and 3. Thus, plakophilin 1 appears to
promote and stabilize cell adhesion in suprabasal layers of
epithelia which are prone to mechanical stress.
4. Cytoskeleton interactions: the role of plakophilins in
keratin and actin filament organization
Adirect interaction of plakophilinswith intermediate filaments
has been noted in several experimental systems in various
laboratories [3,16,17,20,22,45]. However, the relevance of this
finding is still not clear. Plakophilin 1 binds to various keratins
(simple epithelial type and stratified epithelial type) and bundles
intermediate filaments in vitro [16,20]. In vivo, an association
with keratin filaments is only rarely observed in plakophilin 1
overexpressing cells and results in formation of huge keratin
bundles and usually induces a collapse of filaments. Plakophilins
2 and 3 are also able to directly interact with keratins in vitro but
again keratin association is rarely seen after overexpression [2].
Thus, a function of plakophilins in regulating keratin filament
organization appears unlikely. A putative role in anchoring
keratins at the desmosomes together with desmoplakin was
originally assumed based on the finding that plakophilin 1 and
desmoplakin are the two junctional plaque proteins that interactdirectly with keratins [17,22]. However, careful immunolocaliza-
tion of desmosomal protein domains in the plaque revealed that
plakophilin 1 localizes in the electron dense inner plaque, where it
can interact with the desmoglein cytoplasmic tail, plakoglobin
and the desmoplakin-N-terminal domain but not with keratins
who contact only the outer desmosomal plaque [34]. Therefore, a
structural function of plakophilins in anchoring keratins appears
very unlikely. Moreover, an epidermis-specific knockout of
desmoplakin revealed a complete loss of keratin anchorage at the
membrane supporting the conclusion that desmoplakin is the
essential player in anchoring keratins at the membrane [50].
In addition to their interaction with keratins, plakophilins
may also associate with actin and actin regulating proteins and
microtubules ([16] and unpublished observations). Plakophilin
1 colocalizes with actin filaments at cell borders that do not
contact neighboring cells and overexpressed wt plakophilin 1
shows prominent colocalization with actin filaments especially
in cells with little desmosomes such as HeLa cells [16].
Moreover, overexpression of the armadillo repeat domain
induced a striking dominant negative phenotype with the
formation of filopodia and long cellular protrusions, where
plakophilin 1 colocalized with actin filaments. This phenotype
depends on a conserved motif in the center of the arm domain
and resembles the phenotype induced by p120ctn wt over-
expression which induced a so called branching phenotype
characterized by formation of long cellular processes [39]. This
phenotype was mediated by p120ctn-induced inhibition of rhoA
and activation of rac and cdc42 [1,12,33]. A direct interaction
between Drosophila p120ctn and rho1 was shown and p120
seems to act in a manner similar to GDIs to inhibit rhoA.
Another approach revealed that p120ctn may regulate Rho
family GTPases through an interaction with the Rho family
exchange factor Vav2 [33]. We have detected an interaction of
plakophilin with a rho-GEF protein implicating a role for
plakophilins too, in regulation of rho signaling (Hatzfeld,
manuscript in preparation). These findings provide important
evidence for a putative role of p120ctn family members in the
regulation of rho-GTPase activity and therefore may explain
how these proteins contribute to the control of balanced cell
adhesion and motility. Thereby plakophilins could mediate a
precise temporal and spatial regulation of rho-GTPase ensuring
activation of specific effectors at the “right time and place”.
5. Signaling functions in the cytoplasma and nucleus
In contrast to β-catenin, a role of plakophilins in intracellular
signaling remains largely speculative at present. Nuclear
localization of plakophilin 1 is prominent and endogenous as
well as overexpressed plakophilin 1 have been detected in the
nucleus. Plakophilin 1a appears able to associate either with
desmosomes or localize to the nucleus, whereas plakophilin 1b
has been reported to be exclusively nuclear, suggesting that
splicing is involved in regulating plakophilin 1 localization and
function [44]. However, binding partners in the nucleus have
not been described so far.
Plakophilin 2, like plakophilin 1a, has been described at
desmosomes and in the nucleus. Interestingly, when Chen et al.
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philin 1 and plakophilin 2, they found that nuclear localization
of plakophilin 2 was less prominent compared to plakophilin 1.
In order to elucidate the nuclear function of plakophilin 2,
Mertens et al. [28] performed large-scale co-immunoprecipita-
tion experiments and identified the largest subunit of RNA
polymerase (pol) III (RPC155) as a putative binding partner of
the protein [28]. An association was confirmed by in vitro
binding studies, indicating that plakophilin 2 was present in the
pol III holoenzyme, but not the core complex. Pol III (RNA
polymerase III) plays a pivotal role in regulation of protein
synthesis and growth control as it catalyses the production of a
variety of short, untranslated RNA molecules, many of which
have essential functions in cellular metabolism. These include
tRNA and 5 S rRNA, which are required for protein synthesis,
7SL RNA, which is involved in protein translocation, 7SK
which regulates a pol II elongation factor and the U6, H1 and
MRP RNAs, which are involved in post-transcriptional
processing. Consequently, pol III activity is tightly linked to
growth conditions such that transcription by pol III decreases
when cells are deprived of serum or nutrients and increases
again upon mitogenic stimulation [25]. So far, the functional
role of plakophilin 2 in the Pol III complex remains elusive,
although it is tempting to speculate that plakophilin 2 might
coordinate intercellular adhesion and growth control. In such a
scenario, one could envision that “excessive” plakophilin 2 not
associated with intercellular junctions inhibits cell growth by
negatively regulating the pol III complex to mediate “contact
inhibition” in confluent cell cultures.
A mechanism for the regulation of intracellular localization
and thereby nuclear versus adhesion related functions of
plakophilin 2 has been suggested based on the finding that
plakophilin 2 is a target of Cdc25C-associated kinase 1 (C-
TAK1) [32]. C-TAK1 contributes to the regulation of target
proteins in vivo through the generation of 14-3-3-binding sites.
Phosphorylation of plakophilin 2 by C-TAK1 also generates a
14-3-3-binding site that influences plakophilin 2 localization.
Plakophilin 2 mutated at the14-3-3-binding site (S82A) exhibits
increased nuclear accumulation, suggesting that 14-3-3 is
involved in the nuclear shuttling of plakophilin 2. Since the
C-TAK1-generated 14-3-3-binding site is not conserved in the
other plakophilin members, the reduced nuclear localization of
plakophilin 2 compared to plakophilin 1 may reflect the ability
of plakophilin 2 to interact with 14-3-3. How the phosphory-
lation status of plakophilin 2 is regulated under various
signaling conditions and whether this affects 14-3-3 binding
requires further investigation.
Recently, several RNA-binding proteins including poly (A)
binding protein (PABPC1), fragile-X-related protein (FXR1) and
ras-GAP-SH3-binding protein (G3BP) were shown to partially
codistribute with plakophilin 3 after sucrose gradient centrifuga-
tion. When cells are exposed to environmental stress (e.g., heat
shock, oxidative stress), these proteins are found, together with
plakophilin 3 or plakophilin 1 in stress granules, cytoplasmic
aggregates where mRNAs accumulate in a stable, but transla-
tionally silenced state [19]. Thus, plakophilin 3 might have a
function in post-transcriptional gene regulation through aninteraction with RNA-binding proteins rather than a direct role
in regulating gene transcription. In this context, it is worth noting,
that plakophilin 3 could not be reliably detected in cell nuclei.
6. Mouse models and disease
Mutations in the plakophilin 1 and the plakophilin 2 gene have
been implicated in genetic diseases, whereas no human diseases
have as yet been linked to plakophilin 3 [10,27]. Several
mutations in plakophilin 1 leading either to complete ablation or
to a partial loss due to aberrant splicing have been described. In
agreementwith high expression levels of plakophilin 1 in the skin,
these patients develop a genetic skin disease termed skin fragility
ectodermal dysplasia syndrome [26,27]. Affected individuals
exhibit skin fragility with blistering, especially around the mouth
and on the palms and soles and hyperkeratosis of palmoplantar
skin. Moreover, it was noted that hair fails to develop normally,
and most cases have total or near-total alopecia no eyebrows and
eyelashes. Although plakophilin 1 is preferentially expressed in
the outer root sheath of hair follicles, the consequences of
plakophilin 1 ablation on hair follicle development have not yet
been studied. In addition, sweating appears affected in the patients
although the molecular basis for this observation is not clear. Skin
biopsies revealedwidening of spaces between keratinocytes in the
mid-spinous layers with less and smaller desmosomes than
normal. Immunostaining of desmosomal cadherins and plakoglo-
bin in plakophilin 1-null skin shows no changes in distribution,
while desmoplakin appears in a diffuse intracellular pattern
throughout suprabasal layers, supporting the cell culture based
findings that plakophilin 1 plays a critical role in desmoplakin
recruitment to the membrane.
Mutations in the human plakophilin 2 protein are common in
arrhythmogenic right ventricular cardiomyopathy (ARVC)
[10,47], a disease that is associated with fibrofatty replacement
of cardiac myocytes, ventricular tachyarrhythmias and sudden
cardiac death. In about 11–25% of unrelated individuals with
ARVC, heterozygous mutations in plakophilin 2 were identified
[47]. In several kindreds with ARVC, the disease was
incompletely penetrant in most carriers of plakophilin 2
mutations. Themutations include frame-shift, nonsense, missense
and splice site mutations in the N-terminal as well as the repeat
region, and several mutations have been detected in several
unrelated cases. It has been speculated that lack of plakophilin 2 or
incorporation of mutant plakophilin 2 into cardiac desmosomes
impairs cell–cell contacts and, as a consequence, disrupts
adjacent cardiomyocytes, particularly in response to mechanical
stress. Disruption would occur first in areas of high stress which
are pathological predilection areas in ARVC. The potential
cellular mechanism for the initiation of ventricular tachyarrhyth-
mias in ARVC may result from the patchy areas of fibrofatty
myocyte degeneration leading to variation in conduction.
A mouse knockout for plakophilin 2 confirmed an essential
role in intercellular adhesion in the cardiac system [13].
Plakophilin 2−/− mice exhibit lethal alterations in heart
morphogenesis and stability at mid-gestation (E10.5–E11),
characterized by reduced trabeculation, disarrayed cytoskele-
ton, ruptures of cardiac walls and blood leakage into the
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dissociates from the junctional plaques and forms granular
aggregates in the cytoplasm. By contrast, embryonic epithelia
show normal junctions. This is probably due to the fact that
cardiomyocytes express plakophilin 2 as the only plakophilin
family member, whereas epithelial cells usually contain several
plakophilins which might have partially overlapping functions.
Thus, desmosome assembly is severely disturbed in cells that
rely solely on plakophilin 2, while cells that coexpress several
plakophilins can still form desmosomes after ablation of just a
single family member.
Mouse models for plakophilin 1 and plakophilin 3 have not
been described to date.
7. Plakophilins in cancer
An extensive literature on the role of p120 in cancer indicates
that loss or downregulation of p120 occurs frequently in
essentially all major forms of human cancers [48], suggesting
that loss of p120-function may be important in tumor
progression. The question whether the molecular basis of this
effect is the resulting loss of E-cadherin or a signaling defect
remains to be addressed. Recent evidence in Xenopus suggests
that p120 plays a role in canonical and non-canonical Wnt-
signaling [36,49]. Alternatively, loss of p120 function could
contribute to tumorigenesis through upregulation of Rho activity
[38].
Although comparably little is known on the role of
plakophilins in cancer, recent evidence suggests that changes
in plakophilin expression may contribute to tumorigenesis.
Plakophilin 1 mRNA expression was found to be overexpressed
in head and neck squamous cell carcinoma [51]. Plakophilin 2
was reported to be expressed in all adenocarcinoma tested (n =
18), but variable and heterogenous staining was noted in
squamous cell carcinoma [30]. A recent study suggests that
plakophilin 3 can function as an oncogene that may serve as a
prognostic marker and therapeutic target for lung cancer [9].
Gene expression profiles of non-small cell lung carcinomas
(NSCLC) revealed elevated expression of plakophilin 3 in the
great majority of NSCLC samples examined. Treatment of
NSCLC cells with small interfering RNAs of plakophilin 3
suppressed growth of the cancer cells. In contrast, over-
expression of plakophilin 3 in COS-7 cells conferred growth-
promoting activity and enhanced cell mobility in vitro. In
addition, a high level of plakophilin 3 expression was associated
with poor survival for patients with lung adenocarcinoma,
suggesting an important role of plakophilin 3 in development
and progression of this tumor type. These data imply that
upregulation of plakophilin 3 is a frequent and important feature
of lung carcinogenesis. Since plakophilin levels, like protein
levels of many cell contact proteins, are regulated at the post-
transcriptional level through protein stability comparative gene
expression profiling of tumor cells might miss alterations
occurring predominantly at the protein level. Regulatory
mechanisms that shift the balance between cell contact
association and nuclear or cytoplasmic functions might in
addition contribute to a role in tumorigenesis.8. Conclusions
Recent years have shown that plakophilins are essential
components of desmosome architecture and function. Protein
interaction studies as well as immunolocalizations provided the
basis for a molecular model of how plakophilins may act in the
desmosome (see Fig. 2). Sorting out the molecular details of the
non-junctional functions of plakophilins will be a challenge for
the future. Further characterization of their function in rho
signaling will help to understand how proteins of this family are
involved in regulating cytoskeletal organization. Moreover,
future studies will reveal if plakophilins also participate in
transmitting signals elicited from environmental stimuli through
transcriptional regulation or regulation of RNA metabolism and
how this correlates with their desmosomal functions. Identifi-
cation of novel interactions between plakophilins and cell
signaling molecules promises to uncover signaling networks
associated with these proteins.
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